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ABSTRACT 
Cu-BTC Metal-organic framework (HKUST-1) was evaluated as the model material for CO2 
capture from flue gas streams. This paper presents an optimised hydrothermal synthesis of 
HKUST-1 and an analysis of water stability of HKUST-1. Substantial improvements of the 
hydrothermal synthesis process of HKUST-1 are shown to increase the quantitative yield up 
to 89.4% at 100ºC. Single-component adsorption experiments were carried out under 
conditions relevant for flue gases adsorption (45–60ºC, 0–1 barG) to evaluate the 
performance of HKUST-1 in terms of adsorption capacity, showing that the amount adsorbed 
of water can reach up to 21.7 mmol g–1, about one order of magnitude higher than CO2 (1.75 
mmol g−1) and almost two orders of magnitude higher than N2 (0.17 mmol g−1). The 
hydration process of HKUST-1 framework was investigated using dynamic vapour 
adsorption under the flue gas emitting conditions. HKUST-1 is sensitive to humid streams 
and dynamic deformation of its porous structure takes place at 40–50ºC and various relative 
humidity values, leading to the irreversible decomposition of HKUST-1 framework and the 
consequent deterioration in its adsorption capacity. Under humid conditions, water displaces 
the organic linkers from the copper centres causing the collapse of HKUST-1 framework. 
These results provide fundamental knowledge to enable future material design for the 
modification of the hydrophilic nature of copper sites in HKUST-1 to improve its moisture 
stability. 
Keywords: Metal-organic frameworks (MOFs); HKUST-1; hydrothermal synthesis, flue gas; 
water vapour adsorption; stability. 
 
HIGHLIGHTS: 
 Improved hydrothermal synthesis of HKUST-1 at 100ºC with the yield up to 89.4%. 
 Evaluation moisture stability of HKUST-1 under relevant flue gas adsorption conditions 
(45–60ºC, 0–1 barG). 
 Interpretation of decomposition dynamics of HKUST-1 under humid conditions. 
 Aggregation of water molecules near copper centres can displace the BTC ligands leading 
to the decomposition of HKUST-1. 
GRAPHICAL ABSTRACT 
                                               
 Corresponding author. Tel.: +44 1613062690; email address: xiaolei.fan@manchester.ac.uk  
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1. Introduction 
Flue gases from power plants and industrial furnaces are major sources of CO2 emissions to 
the atmosphere. Emitted at 50–75ºC and 0–1 barG [1], flue gases contain large amounts of 
CO2, as much as 5–15 vol.%, together with other gases such as nitrogen (70–75 vol.%) and 
water vapour (5–7 vol.%), depending on the fuel being used [1, 2]. Novel combustion 
technologies, such as oxyfuel combustion can provide flue gas streams with over 99 vol.% 
CO2 concentration, facilitating the CO2 capture [3]. However, the target concentration of CO2 
in the exhaust clean gas to be released into the atmosphere is only 0.03 vol.% [4]. 
Post combustion capture of CO2 based on adsorbent capture technologies, especially on 
porous solid adsorbents, e.g. pressure swing adsorption [5], has received much attention 
because, in comparison with carbonates or alkanolamines solvents, solid adsorbents are easier 
to handle [1] and more economical for regeneration (in terms of energy consumption) [1, 6]. 
In general, for potential practical applications, a solid adsorbent with a CO2 adsorption 
capacity of ca. 4 mmol g−1 is considered to be economically viable for CO2 capture [5]. 
However, operational costs could be further reduced if increases in adsorbent working 
capacity are coupled with increases in the CO2/N2 selectivity [5] and thermal and moisture 
stability. 
Various porous adsorbents have been investigated for CO2 adsorption, including activated 
carbons, zeolites and metal-organic frameworks (MOFs) [2, 7, 8]. Amongst these, MOFs 
have been recently recognised as promising alternatives for selective gas adsorption due to 
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their ease of manipulation in porous structures and chemical properties [9, 10], hence altering 
their adsorption capacity, selectivity and stability (thermal and moisture) properties.  
Cu-BTC framework, i.e. Copper benzene-1,3,5-tricarboxylate or HKUST-1 [11], is one of the 
most extensively studied MOFs for gas separation [12-15] and storage [16, 17] due to its high 
surface area (normally in a range of 600–1600 m2 g−1 for samples synthesised in a 
laboratory), large pore volume (ca. 0.70 cm3 g−1) [18] and good thermal stability (thermally 
stable up to 350ºC) [19]. HKUST-1 has been successfully prepared using various synthetic 
methods, including conventional hydrothermal/solvothermal methods [11, 18-21] and 
alternative synthetic methods based on unconventional energy sources (i.e. microwave [18, 
22] and ultrasound [18, 23]), mechanochemical [18, 24] and electrochemical methods [25]. 
Although alternative synthetic methods offer quantitative yields of HKUST-1 at the 
laboratory scale with relatively short reaction times, they usually result in products of 
inconsistent yields, porous structures and crystallinity. For example, a microwave-assisted 
solvothermal synthesis has been developed as the fastest method to produce pure HKUST-1 
(30 min synthesis time [18]). However, the yields and qualities of the resulting product and 
the optimum reaction conditions are found to significantly depend on the choice of the 
microwave system [18, 22]. Considering the possible hot spot formation in the system using 
alternative energy for intensive heating, the scalability of such processes to produce 
consistent high-quality materials is limited. Therefore, the conventional synthetic methods are 
more attractive for large-scale manufacture of HKUST-1, though the balance between 
reactions conditions (temperature and synthesis time) and by-product (e.g. Cu2O) formation 
is still a challenge.  
To date, the primary research interest of CO2 adsorption on HKUST-1 has been focused on 
the manipulation of the CO2 adsorption capacity/selectivity by using materials design 
strategies [17, 26] or postsynthetic modification approaches [15]. However, apart from tuning 
the CO2/N2 selectivity to increase the CO2 capture efficiency, the effect of the presence of 
water vapour in flue gas streams also needs to be considered to properly assess their 
performance as potential CO2 capture materials. Sensitivity to water vapour is widely 
considered to be a major weakness of MOFs as adsorption materials that could destroy their 
potential advantages from an application perspective [27]. HKUST-1 is hydrophilic and both 
theoretical [28-30] and experimental [31] investigations have shown the strong affinity of 
water molecules to copper centres in the HKUST-1 framework. Therefore, understanding the 
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moisture stability of MOFs under the appropriate conditions for the CO2 capture from flue 
gases (50–75ºC and 0–1 barG) is necessary.  
So far, only a few theoretical [28] and experimental investigations [32-34] on the stability of 
HKUST-1 have been reported. BET surface area of HKUST-1 was found to decrease by 52% 
(from 1340 to 647 m2 g−1) after an extreme water stability test, i.e. 24 h immersion in 
deionised water at 50ºC [32]. An investigation based on 1H and 13C NMR spectroscopy also 
revealed that water adsorption (at room temperature) has a strong influence on the 
carboxylate carbon resonance, jeopardising the Cu-BTC coordination [33]. Rezk et al. 
evaluated several MOFs for adsorption cooling and demonstrated the thermal instability of 
HKUST-1 based on the clear hysteresis between the measured adsorption and desorption 
isotherms at 52ºC [34]. Despite these preliminary studies, there is no systematic evaluation of 
MOF’s stability in the region of interest for flue gases CO2 capture, especially when it comes 
to obtaining the critical parameters that contribute to the evaluation of moisture sensitivity of 
MOFs under humid conditions. 
In this work, we use the HKUST-1 framework as the model MOF, presenting (i) an improved 
synthesis of HKUST-1 using static hydrothermal methods to enable its large-scale production 
and (ii) the experimental investigation of gas adsorption on HKUST-1 under conditions close 
to real flue gas streams with special focus on its performance under humid conditions (up to 
90% relative humidity). The understanding of the moisture stability of HKUST-1 framework 
will (i) provide a holistic overview of the stability study of HKUST-1 framework under the 
dynamic vapour adsorption conditions and (ii) be a guide to future improvements in the 
design and modification of this highly-promising material in flue gas treatment applications. 
 
2. Experimental 
Materials  
Copper (II) nitrate trihydrate [Cu(NO3)2∙3H2O, 99%] and benzene-1,3,5 tricarboxylic acid 
(BTC, 95%) were obtained from Sigma Aldrich and ethanol (absolute, EtOH) was purchased 
from Fisher. All materials were used as received without further purification. 
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Hydrothermal synthesis of HKUST-1framework 
The general procedure of preparing HKUST-1framework using hydrothermal synthesis was 
based on the method reported by Schlichte et al. [20] where BTC (0.42 g, 2 mmol) was 
dissolved in 24 ml of 50:50 vol.% mixture of ethanol and deionised water. The mixture was 
stirred for 10 min until a clear solution was obtained. Then Cu(NO3)2∙3H2O (0.875 g, 3.62 
mmol) was added to the mixture and stirred thoroughly for another 10 min. Once the 
reactants were completely dissolved in the solvent, the resulting blue solution was transferred 
to a 50 ml Teflon-lined stainless steel autoclave and heated to 100ºC for the crystallisation to 
occur. After synthesis, the reactor was cooled to room temperature and a blue crystalline 
powder was formed. The powder was then filtered and washed thoroughly with a 60 ml 
mixture of water and ethanol (% v/v of water = 50%). The product was finally activated 
under vacuum at 120ºC for 16 h and stored in closed vials in an oven at 60ºC for further 
experiments. 
 
Characterisation of HKUST-1 framework 
Powder X-ray diffraction (PXRD) was carried out on a Rigaku Miniflex diffractometer 
(CuKα radiation, 30 kV, 15 mA, λ = 1.5406 Å) using a step scan mode (0.03º per step) with a 
range of 5º < 2θ < 46º. Scanning electron microscopy (SEM) analyses were carried out using 
a FEI Quanta 200 ESEM equipment with a high voltage mode of 20 kV. Gold coating of 
samples was performed using an Emitech K550X sputter coater under vacuum conditions of 
1´ 10–4 mbar. Nitrogen adsorption/desorption isotherms at −196ºC were obtained using a 
Micrometrics ASAP 2020 analyser. Surface area was determined using the Brunauer-
Emmett-Teller (BET) method. The degassing was carried out at 180ºC overnight under 
vacuum prior to the measurement. Thermogravimetric analyses (TGA) were carried out with 
a TA Q5000 (V3.15 Build 263) thermogravimetric analyser. The temperature range was 0–
450ºC with a heating rate of 5ºC min–1 in a nitrogen atmosphere (25 mL min–1). Differential 
Scanning Calorimetric (DSC) analysis was carried out using a Mettler DSC30 instrument, 
with explorer software to perform the peak analysis. The DSC instrument was calibrated with 
indium prior to analysis (accuracy of the enthalpy measurements = ±1%). Samples were 
heated and cooled at a rate of 5ºC min–1 and the scan was completed over a range of 50 to 
350ºC.  
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Single-component adsorption equilibrium of CO2, N2 and water vapour on HKUST-1 
framework  
CO2 and N2 adsorption/desorption experiments were carried out using an intelligent 
gravimetric analyser (Hiden IGA-001). Samples were first treated thermally at 100ºC for 3 h 
before being heated up to 200ºC (2 ºC min−1) and kept at 200ºC for 8 h under vacuum. Before 
the measurement, helium adsorption at 20ºC was measured to assess the buoyancy effect and 
determine the density of the samples. The measured density was then used for CO2 and N2 
adsorption/desorption isotherms acquisition at 20ºC and 60ºC from vacuum to 20 barG. 
Water vapour adsorption isotherms were measured gravimetrically using a dynamic vapour 
adsorption analyser (Surface Measurements Systems, DVS 1). The analyser was housed 
inside an environmental chamber at a constant temperature to ensure a stable baseline and the 
accurate delivery of required relative humidity. Relative humidity is controlled by mixing dry 
nitrogen and saturated water vapour in appropriate proportions using mass flow controllers. 
Prior to the sample loading, dry nitrogen at 2 barG pressure was used to purge the head of the 
balance (Cahn D200) to prevent vapour condensation in the balance’s head and ensure an 
accurate measurement. All samples were dried at 0% relative humidity (RH) for 6 h before 
the measurement of adsorption/desorption isotherms at various vapour partial pressures. The 
water vapour adsorption isotherms of HKUST-1 were measured at temperatures of 25, 35, 40, 
45 and 50ºC with relative humidity values ranging from 0 to 90%. 
 
3. Results and discussion 
Improved hydrothermal synthesis of HKUST-1framework 
HKUST-1 framework was synthesised following an optimised hydrothermal method based 
on the original recipe developed by Chui et al. [11], starting from Cu(NO3)2 salt and H2O and 
EtOH mixtures as the reaction media. The original work was carried out at 180ºC for 12 h 
and obtained a yield of ca. 60% [11] due to the formation of Cu2O as the by-product at 180ºC 
[11, 21]. 
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Over the past decade, great effort has been made by varying the synthesis temperature and 
time to improve the quality and yield of HKUST-1 during its hydrothermal synthesis, as 
summarised in Table 1. In general, it was found that low synthesis temperatures tend to 
supress the formation of Cu2O promoting the formation of HKUST-1 with high purity [21]. 
However, long reaction times are usually required to achieve high yields. Well-shaped pure 
octahedral crystals of HKUST-1 (evidenced by the SEM analysis) were obtained at 75ºC with 
a maximum yield of 80% after a prolonged reaction time of 320 h [21]. Most of the previous 
studies focused on the comparison of the resulting products in terms of BET surface area and 
pore volume for potential gas adsorption and storage applications. However, only a few 
studies have investigated the effect of the variation of the synthesis conditions on the yield of 
HKUST-1 [18, 21]. In order to gain a fundamental understanding on the effect of the 
synthesis conditions of HKUST-1, a systematic study was carried out. 
The yield of HKUST-1 at 100ºC (calculated using Eq. 1, the theoretical yield based on the 
limiting reactant) increased with the reaction time until it reaches a maximum value of 89.4% 
at 24 h (Fig. 1). Further increase of the reaction time beyond this time results in a decrease of 
the yield, in agreement with the observations by Seo et al [22]. Prolonged contact time 
between the formed crystals and the synthesis medium can lead to the re-dissolution of 
HKUST-1 due to the shift of equilibrium between the crystallised and dissolved material. In 
addition, the as-made sample obtained at 100ºC (before activation under vacuum) has a blue 
colour, while the colour of the activated framework is dark violet (Fig. 1). The colour change 
of HKUST-1 framework before and after activation is caused by the removal of covalently 
bounded water molecules from copper centres [20] and the associated d-d transition of copper 
ions [16].  
 
Yield of HKUST-1 % = mass of as-made HKUST-1
theoretical mass based on the limiting reactant  
´100%  (1) 
 
Table 1 
Summary of reaction conditions and yields for the hydrothermal synthesis of HKUST-1 frameworks. 
Year  T [°C] t [h] Solvents  Yield [%] BET surface area [m2 g−1] Ref. 
1999 180 12 H2O + EtOH ca. 60 692.2 [11] 
2002 110 18 H2O + EtOH ca. 74* 964.5 [12] 
2004 120 12 H2O + EtOH ca. 60 N/A [20] 
2006 110 15 H2O + EtOH N/A N/A [35] 
2007 85 8 H2O + EtOH + DMF EtOH + DMF + CH2Cl2 
N/A 
N/A 
1482 
698 [36] 
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2008 120 14 H2O + EtOH EtOH 
N/A 
N/A 
1510 
1253 [37] 
2008 95 15 H2O + EtOH N/A N/A [38] 
2009 75 320 H2O + EtOH ca. 80 N/A [21] 
2010 120 24 H2O + EtOH DMF 
ca. 94* 
N/A 
1143 
1323 [18] 
2012 110 18 H2O + EtOH N/A 1055 [16] 
* HKUST-1 yield was calculated based on substrate - Cu(NO3)2. 
 
Fig. 1. Optimised yields of HKUST-1 at different synthesis temperatures as a function of reaction time in 
comparison to previous work in the literature [21]. Inset: HKUST-1 framework synthesised at 100°C under 
static hydrothermal conditions. Inset: HKUST-1 samples (a) as made sample and (b) activated sample. 
 
Characterisation of HKUST-1frameworks 
The crystallinity of the synthesised samples as a function of reaction time at 100°C was 
investigated using PXRD as shown in Fig. 2. HKUST-1 is one of the most frequently 
investigated MOFs and its crystalline phase is usually exemplified by a PXRD pattern with 
characteristic peaks at 2θ ≈ 6.5º, 9.5º, 11.5º and 13.4º [11, 16, 20-22], in agreement with our 
work, confirming the formation of HKUST-1 crystalline phase. The variations in intensities 
of the different diffraction peaks can be attributed to the degree of hydration of different 
samples since HKUST-1 crystals can rapidly absorb moisture from the air [16, 20]. The 
characteristic diffraction peaks of Cu2O at 2θ ≈ 36.4º, 42.3º and 43.3º [21] are not observed in 
the PXRD patterns of samples synthesised at 100°C under static hydrothermal conditions 
suggesting high purity of the HKUST-1 product. 
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Fig. 2. PXRD patterns of HKUST-1 frameworks synthesised at different reaction times under static 
hydrothermal conditions at 100ºC. 
 
The effect of the synthesis time on the morphology of HKUST-1 crystals at 100ºC was 
studied using SEM characterisation. Representative pictures are shown in Fig. 3. For samples 
synthesised with reaction time < 24 h, clean crystals with average sizes of ca. 20 µm were 
obtained (Fig. 3a and 3b). These crystals are well-defined octahedrons with sharp edges [16, 
21, 39]. 
The octahedral morphology of HKUST-1 crystals phase becomes less defined for a reaction 
time of 28 h, i.e. losing the sharp edges while maintaining the crystal size at ca. 20 µm, as 
seen in Fig. 3c. Further increase of the reaction time to 38 h and above led to the deformation 
of crystals with a shrinking of crystal sizes and losing the octahedral shapes completely (Fig. 
3d). The change of HKUST-1 morphology as the synthesis time increases is directly related 
to the decrease in yield, indicating the re-dissolution of HKUST-1 crystals in the reaction 
media caused by the prolonged reaction time. Similar observations have been reported in the 
hydrothermal synthesis of ceramic materials [40, 41]. 
In addition, Fig. 3d also reveals that prolonged synthesis time results in the formation of 
small particles/crystals on the surface of octahedrons. These small particles are possibly the 
re-crystallised HKUST-1 phase or other by-products formed at long reaction time at 100ºC. 
Further investigation is needed to understand the equilibrium dynamics between the 
crystallised MOFs and the MOFs that remain in the solution for optimising the synthesis of 
MOFs under hydrothermal conditions. 
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(a) t = 16 h (b) t = 22 h (c) t = 28 h (d) t = 38 h 
Increasing synthesis time 
 
Fig. 3. Influence of the synthesis time on the morphology of HKUST-1 frameworks for the hydrothermal 
synthesis at 100ºC. SEM images of synthesised HKUST-1 samples at reaction times of (a) 16 h, (b) 22 h, (c) 28 
h and (d) 38 h. 
 
Nitrogen adsorption and desorption isotherms were measured on a sample that was 
synthesised at 100ºC and 24 h. The BET specific surface areas and pore volumes were 
calculated as 1507 m2 g−1 and 0.609 cm3 g−1, respectively, comparable to the previously 
reported values (Table 1 and refs [14, 42]). Variations in measured BET surface areas and 
pore volume from different investigations may be attributed to the difference in post-
synthesis work-up procedures, i.e. washing and activation of the HKUST-1 samples. 
TGA (Fig. 4) shows the thermal stability of the HKUST-1 framework synthesised in this 
work at 100ºC for 24 h. Dehydration of the material takes place up to ca. 180ºC with total 
weight loss of ca. 20 wt.%, corresponding to three water molecules per copper centre in the 
framework (Fully hydrated HKUST-1 is reported to hold up to 40 wt.% water [12]). DSC 
result correlates well to the TGA showing that an endothermic peak (100–280ºC) due to the 
dehydration of HKUST-1. HKUST-1 was found to be thermally stable up to 280ºC before 
starting to gradually disintegrate at higher temperatures [12, 22]. The weight loss of 
decomposition was measured as 36%, which is very close to the theoretical loss of 36.7% 
accounting for decomposition into Cu2O and CuO [22] (PXRD analysis of the residue after 
TGA is shown in the inset of Fig. 4). Two exothermic peaks were discovered by DCS 
analysis after 280ºC with first exothermic peak (280–300ºC) corresponds to the formation of 
Cu2O [43] and the second one corresponds to the phase transformation of Cu2O to CuO [44]. 
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Fig. 4. TGA (under nitrogen) and DSC analysis of HKUST-1 framework synthesised at 100ºC and 24 hours 
under static hydrothermal conditions. Inset: PXRD pattern of the residual material after TGA. 
 
CO2 and N2 adsorption on to HKUST-1framework 
The experimental adsorption isotherms of CO2 and N2 on to HKUST-1 were measured over a 
pressure range of 0–20 barG at 20 and 60ºC, respectively, as shown in Fig. 5a. No hysteresis 
loops were detected between the adsorption and the desorption isotherms suggesting no 
tensile strength effect caused by ink-bottle type pores. The adsorption capacity on HKUST-1 
decreases with the increase in temperature for both gases. HKUST-1 has a higher affinity to 
CO2 than to N2, evidenced by the significant difference in adsorption capacities at any 
pressure. Fig. 5a also presents the correlation of the CO2 and N2 isotherms with the Langmuir 
model, with a squared residual (R2) larger than 0.9995. 
Considering the application of HKUST-1 as potential materials for CO2 adsorption from flue 
gases, only the data from the pressure range of (0–1 barG) at 60ºC is of interest. The average 
ratio of adsorption uptake of CO2 to N2 under such conditions (60ºC and 0–1 barG) is found 
as ca. 7.6. The isotherms for both gases can be considered linear at these conditions, 
therefore, an estimate in the selectivity of the adsorbent can be obtained from the ratio of the 
affinity coefficients in the Langmuir model, which is ca. 47%. 
Obtained constants of the Langmuir model were also used to calculate the isosteric heat of 
adsorption for CO2 and N2 adsorption as shown in Fig. 5b [14, 45]. The calculated isosteric 
heat of CO2 and N2 adsorption is found to be almost constant over the range of adsorbate 
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loading, indicating an energetically homogenous surface of the adsorbent (HKUST-1), i.e. all 
the available adsorption sites have the same adsorption energy for the probing gases [46, 47]. 
The obtained values of isosteric heat for CO2 and N2 adsorption onto HKUST-1 framework 
are ca. 27 kJ mol−1 and ca. 14.5 kJ mol−1, respectively, which are in typical range for 
physisorption. 
  
Fig. 5. (a) Single-component CO2 and N2 adsorption isotherms for HKUST-1 at 20 and 60ºC over a pressure 
range of 0–20 barG. (b) Calculated isosteric heat of adsorption as a function of CO2 and N2 uptake onto 
HKUST-1. 
 
Dynamic water vapour adsorption onto HKUST-1 framework 
Fig. 6a shows the water vapour dynamic uptake of HKUST-1 framework at 25ºC. It was 
found that the interaction between the adsorbed water molecules and HKUST-1 is strong, i.e. 
significantly longer time was required for desorption to reach equilibrium than that of 
adsorption at the same vapour partial pressure (Fig. 6a). The water adsorption isotherm on 
HKUST-1 is shown in Fig. 6b. The relative pressure is defined as the ratio of the water 
vapour pressure to the measured saturation pressure at a given temperature. The results 
obtained are consistent with data reported in the literature [27]. 
The water adsorption isotherm at 25ºC shows two steep slopes and one intermediate flat 
region, characteristic of a type II adsorbent. The first rising slope at a low relative vapour 
pressure range (0–0.2) is largely attributed to the preferential adsorption of water vapour in 
the region near the copper atoms of the primary pores, i.e. Cu-BTC cages. Molecular 
simulations have shown that water molecules have a strong affinity to the copper centres due 
to their large dipolar moment [28]. Therefore, the interaction between the water vapour and 
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unsaturated copper centres is expected as immediate under humid conditions, leading to a 
sharp increase of water uptake at the initial stage of adsorption. 
The shallow slope over the relative pressure range between 0.2 and 0.8 corresponds to the 
filling of the Cu-BTC cages caused by the formation of water clusters due to hydrogen 
bonding [48], i.e. saturation of the primary pores. This hypothesis was based on the 
theoretical calculation of Henry coefficients using the grand-canonical Monte Carlo 
simulations [28]. Simulation results show that the Henry coefficient of water molecule 
adsorption within the void space of Cu-BTC cages (ca. 4.6 × 10−6 mol kg−1 Pa−1) is 
significantly lower than one for the unsaturated copper centres (ca. 2.0 × 10−2 mol kg−1 Pa−1) 
[28]. 
The final rise of adsorbed uptake of water vapour, which occurs at high relative pressure of > 
0.8, is associated with the adsorption of water molecules in the micropores of the side pockets 
and in the outer surface of the crystal. The nature of these side pockets in the HKUST-1 
framework is believed to be hydrophobic [49], i.e. the reluctance to form strong interaction 
with water molecules, and hence the filling of the side pockets with water vapour only occurs 
at the final stage of adsorption with relatively high vapour partial pressure. The adsorption 
isotherms at 35 and 50ºC are similar to the one at 25ºC with shifted relative pressure ranges 
for relevant adsorption stages. 
HKUST-1 frameworks have shown clear hysteresis between adsorption and desorption 
isotherms at 25ºC but in a thermodynamically impossible manner, i.e. the crossing of 
desorption isotherm with the adsorption isotherm. Such hysteresis phenomena are likely 
caused by the partial decomposition during the adsorption step. Therefore, in the desorption 
step, a significant amount of water desorbs from the decomposed HKUST-1 due to the weak 
binding between water molecules and the decomposed solid phase resulting in a steep decline 
of the desorption isotherm. Furthermore, it is also found that not all the water was desorbed 
when the partial pressure of water was returned to zero, indicating the retention of water 
molecules within the partially decomposed framework. This phenomenon is probably the 
result of the water-unsaturated copper centres strong binding. The theoretical value of 
adsorbed water on unsaturated copper sites can be estimated as 5 mmol g−1 assuming x 
molecules of water per copper atom, which is close to the remaining uptake (i.e. 6.73 mmol 
g−1) at the end of desorption process. Such absorbed water molecules on unsaturated copper 
sites can only be removed by activation at high temperatures.  
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Fig. 6. (a) Temporal water vapour adsorption and desorption at different vapour partial pressures for HKUST-1 
framework at 25ºC and 90% relative humidity. (b) Water adsorption and desorption isotherms on HKUST-1 at 
25ºC (up to 90% RH, in comparison to literature data [27]), 35ºC (up to 90% RH) and 50ºC (up to 70% RH). 
 
The water vapour adsorption capacity of HKUST-1 framework at 25ºC and ambient pressure 
(2850 Pa vapour partial pressure) was measured as 33.3 mmol g−1 [27, 49, 50], as seen in Fig. 
6b. Vapour adsorption capacity was found to decline with increasing the temperature (Fig. 
6b). The measured adsorption uptake dropped by ca. 35% with increasing adsorption 
temperature from 25ºC to 50ºC. Considering conditions of the flue gas emission (50–60ºC 
and atmospheric pressure), it is apparent that the water vapour adsorption is much more 
preferable than CO2 adsorption, i.e. considerable higher water vapour uptake of ca. 21.7 
mmol g−1 at 50ºC (up to 70% RH) in comparison with the CO2 uptake of ca. 1.75 mmol g−1 
under similar conditions. This is further evidenced by comparing the isosteric heat of water 
vapour adsorption with CO2 adsorption (vide supra, Fig. 5b). The isosteric heat of water 
vapour adsorption was estimated (using the Dual Sites Langmuir Freundlich model [51]) as 
48.6 kJ mol−1, and comparable with the reported values, i.e. 48.5 and 50.7  kJ mol−1 [34, 52], 
suggesting the possible chemisorption of water vapour on HKUST-1. This is can be 
explained by (i) the strong interaction between the unsaturated copper centres and water 
molecules and (ii) the hydrophilic nature of HKUST-1 with water contact angles close to 0° 
[53]. 
 Moisture stability of HKUST-1 framework 
The PXRD patterns of fresh (after activation) and used HKUST-1 (after water vapour 
adsorption) are shown in Fig. 7. For the sample used in the dynamic vapour adsorption 
experiment at 25ºC, the characteristic peaks of HKUST-1 framework at 2θ ≈ 6.5º, 9.5º, 11.5º 
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and 13.4º are still identifiable, indicating that the crystal structure of HKUST-1 was primarily 
maintained after holding a large amount of water (33.3 mmol g−1) at relative humidities up to 
90%. However, PXRD patterns also revealed a slight increase of the amorphous background 
in comparison with the fresh, consistent with a partial degradation of the material. At the 
highest temperature studied, i.e. 50ºC, the HKUST-1 framework structure remains up to 70% 
RH but collapses at 90% RH, as evidenced by the PXRD analysis (Fig. 7). 
 
Fig.7. PXRD patterns for used HKUST-1 from dynamic water vapour adsorption under various conditions in 
comparison to the PXRD pattern of fresh HKUST-1.  
 
The framework structure of HKUST-1 was found to irreversibly change by increasing the 
water vapour partial pressure at high temperatures (40–50ºC). Sudden drops in vapour uptake 
were measured at high relative pressure, as seen in Fig. 8, which indicates the collapse of the 
porous structure of HKUST-1. In comparison with the fresh sample, the PXRD pattern of the 
material after water adsorption (at 50ºC and 90% RH) had totally lost the characteristic 
diffraction peaks of the HKUST-1 crystal structure, i.e. the diffraction peaks at 2θ ≈ 6.5º and 
11.5º are no longer noticeable (Fig. 7). SEM characterisation (Fig. 8 inset) also shows 
irregular shapes in used samples with visible cracks on the crystal’s surface, having lost the 
HKUST-1’s octahedral shape and its sharp edges. A summary of the temperature and relative 
humidity range for hydrothermally stable HKUST-1 under dynamic vapour adsorption 
conditions are presented in Table 2.  
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Fig. 8. Water adsorption and desorption isotherms for HKUST-1 framework at 45ºC and 50ºC (up to 90% RH). 
Inset: SEM images for the used HKUST-1 after water adsorption at 50ºC with 90% RH. 
 
 
Table 2 
Conditions for maintaining moisture stability of HKUST-1 framework and the corresponding maximum water 
vapour adsorption capacity.  
T [ºC] RH [%] pvapour [Pa] Maximum H2O adsorption uptake [mmol g−1] 
25 0–90 0–2850 33.3 
35 0–90 0–4250 27.0 
40 0–80 0−6000 25.0 
45 0–70 0–8200 23.0 
50 0–70 0–8990 21.6 
 
The strong bonds between water molecules and the unsaturated metal sites in the HKUST-1 
framework are believed to induce the decomposition of the material at high adsorption 
temperatures and high relative humidity. Under such conditions, the aggregation of adsorbed 
water molecules near the metal sites may gradually displace the coordinated carboxylate 
groups of BTC ligands from the copper centres leading to the final break of the metal-ligand 
coordination. Such a phenomenon was previously observed in the MOF-5 framework 
[Zn4O(BDC)3] (DBC – Benzene-1,4-dicarboxylic acid) upon its exposure to humid air, in 
which the humid air not only displaced the ligand coordination of MOF-5 from the zinc metal 
centres, but also penetrated into the metal building blocks and changed the structure into 
MOF-69C [Zn3(OH)2(BDC)2], which is hydrothermally unstable [9, 54]. Here we have 
shown that the crystal morphology and the microstructure of HKUST-1 changes upon 
exposure to water at high temperatures. The same degradations were also recently reported at 
room temperature after one year exposure to the atmosphere takes place over longer periods 
of time. The same structure’s degradation has been observed recently when HKUST-1 was 
naturally stored at room temperature for a year [55]. A re-crystallisation method (using 
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synthesis media, ethanol or ethanol/water mixture) was also proposed for the reconstruction 
of HKUST-1. 
  
4. Conclusions 
This paper presented a further refinement on the hydrothermal synthesis of HKUST-1. Here 
we obtained an optimised procedure that maximises the yield of HKUST-1 (up to 89.4% at 
100ºC) while maintaining a high quality product, by systematically varying the reaction 
temperature and reaction time. This synthetic study provides a good understanding of the 
effect of the synthetic hydrothermal parameters of HKUST-1 for the design of a potential 
manufacturing process. 
Prepared HKUST-1 samples were fully characterised and single-component adsorption 
experiments were conducted to evaluate HKUST-1’s performance under relevant flue gas 
adsorption conditions (45–60ºC, 0–1 barG). The preference of gas adsorption onto HKUST-1 
under such conditions is water vapour (ca. 21.7 mmol g−1) > CO2 (ca. 1.75 mmol g−1) > N2 
(ca. 0.17 mmol g−1). Dynamic water vapour adsorption measurements were used to assess the 
moisture stability of HKUST-1. An envelope of conditions (temperature, relative humidity 
and vapour partial pressure) was experimentally established for maintaining the porous 
structure of HKUST-1 framework under humid conditions. Irreversible decomposition of 
HKUST-1 framework was noticed in dynamic vapour adsorption experiments caused by the 
partial displacement of organic linkers from the copper centres by aggregated water 
molecules, leading to the deterioration in the adsorption capacity of HKUST-1. 
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